Introduction {#sec1}
============

Closed-shell d^10^--d^10^ interactions are an interesting research target both from an experimental as well as from a theoretical perspective.^[@ref1]^ From a practical point of view, these interactions can be used for the design of supramolecular (di-, oligo-, or polymeric) structures.^[@cit1j]^ Furthermore, these structures show very interesting luminescence properties, including mechanochromic or vaporchromic behavior^[@cit2a]−[@cit2l]^ and are discussed as important viable intermediate in gold-catalyzed hydroarylation reactions.^[@cit2m]^ In addition, complexes displaying metallophilic interactions are also considered as potential antitumor agents.^[@ref3]^ The strength of aurophilic interactions has been determined experimentally in some cases and is comparable to moderate H-bonds (7--12 kcal/mol).^[@ref4]^ However, for an effective tuning of such interactions, it is crucial to understand the bonding mechanism behind d^10^--d^10^ metallophilic interactions. This mechanism is still a subject of a long-standing debate and has proven quite a challenge for quantum chemistry. There is a broad consensus that relativity and dispersion in metallophilicity play an important role.^[@ref1]^ From a molecular orbital (MO) perspective, attractive interaction is not expected *a priori* in closed-shell atoms (consider He~2~ or a hydride dimer as examples, where two-orbital, four-electron repulsion are dominant). However, pioneering work conducted by Hoffmann et al. in 1978, concluded from extended Hückel theory (EHT) that hybridization of empty (*n* + 1)s and filled *n*d~**z**^2^~ orbitals is present and accounts for a covalent metal--metal bond in systems such as dicationic Cu^+^···Cu^+^ or in neutral \[Au~2~(S~2~PH~2~)~2~\].^[@ref5]^ Since then different views have been presented. While others including Schmidbaur^[@ref6]^ and Mingos^[@ref7]^ also mentioned the importance of 5d and 6s hybridization in the bonding of Au clusters, Pyykkö concluded that there is no hybridization present.^[@ref8]^ He showed that electron correlation strengthened by relativity is of great importance (i.e., that dispersive effects are only responsible for the attractive interaction in coinage metal dimers). In turn, Schwarz^[@ref9]^ could find for the perpendicular \[H~3~P--Au--Cl\]~2~ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}; structure **B**, M = Au, X = Cl) an orbital interaction energy of −21 kcal/mol, which he also attributed to orbital mixing. However, the conclusions presented by Schwarz are derived from a simple local Xα exchange potential (S-LDF) DFT calculation and could be attributed to the fortuitous cancellation of errors.

![Head-to-tail (**A**) and perpendicular (**B**) \[H~3~P--M--X\]~2~ with M = Cu, Ag, and Au; X = F, Cl, Br, and I (X--M--M--X and P--M--M--P dihedral angles are constrained to 180.0° (**A**) and 90.0° (**B**). For full details, see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02994/suppl_file/ic7b02994_si_001.pdf).](ic-2017-029942_0001){#fig1}

At this point, no consensus is reached on the bonding mechanism in metallophilic interactions. Thus, we have analyzed the bonding mechanism in the framework of Kohn--Sham molecular orbital theory and would like to emphasize a neglected aspect of this discussion: the importance of Pauli repulsion and orbital interaction in metallophilicity.

Theoretical Methods {#sec2}
===================

Herein, we present an energy decomposition analysis (EDA)^[@ref10]^ of the metal--metal bond in perpendicular dimers such as \[H~3~P--M--X\]~2~ (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, (**B**), M = Cu, Ag, and Au; X = F, Cl, Br, and I) and compared these systems with simple metal dimers (M^+^···M^+^). De Proft used a similar approach for analyzing the interaction in \[NHC--M--Cl\]~2~ (where NHC is an *N*-heterocyclic carbene).^[@ref11]^ In contrast to our studies, a head-to-tail arrangement (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}; structure type **A**) of these dimers was used instead, which includes additional ligand--ligand interactions besides metallophilicity (*vide infra*).

We performed a benchmark of our dispersion-corrected DFT methods (see [Tables S1--S3](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02994/suppl_file/ic7b02994_si_001.pdf)) and decided to use the ZORA-BLYP-D3(BJ)/TZ2P level of theory (MAE: 0.3--2.4 kcal/mol; [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02994/suppl_file/ic7b02994_si_001.pdf)). The dimerization energy (Δ*E*~dim~) of forming \[H~3~P--M--X\]~2~ from their respective monomers can be decomposed in the following terms:Δ*E*~prep~ is the preparation or strain energy of the two (deformed) fragments (\[H~3~P--M--X\]^⧧^) and Δ*E*~int~ is the interaction energy between these deformed reactants ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}). The latter can be further analyzed in the conceptual framework provided by the Kohn--Sham molecular orbital model and decomposed into physically meaningful terms ([eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}). The EDA quantifies the Pauli-repulsive orbital interactions (Δ*E*~Pauli~) between same-spin electrons, the electrostatic interaction (Δ*V*~elstat~), interaction due to dispersion forces (Δ*E*~disp~), and orbital interactions (Δ*E*~oi~) that emerge from charge transfer (interaction between occupied orbitals on one fragment with unoccupied orbitals on the other fragment, including donor--acceptor interactions) and polarization (empty--occupied orbital mixing on one fragment due to the presence of the other fragment).

Results and Discussion {#sec3}
======================

The equilibrium bond distances *r* of structures **A** (head-to-tail) and **B** (perpendicular) for M = Cu, Ag, and Au and X = F, Cl, Br, and I can be found in [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02994/suppl_file/ic7b02994_si_001.pdf). For all cases, the head-to-tail dimers are more stable with respect to dissociation than the structures of the perpendicular arrangement. Thus, structures **A** have more attractive dimerization energies (**A**: between −16 and −24 kcal/mol; **B**: between −8 and −15). The difference in dimer stability between **A** and **B** becomes less pronounced the larger the halogen atom X becomes (*F* \< Cl \< Br \< I), which is accompanied in structure **A** by an increase of the *r*~MM~ distance (as an example, \[H~3~P--Cu--F\]~2~: *r*~MM~ = 2.76 Å; \[H~3~P--Cu--I\]~2~: *r*~MM~ = 3.69 Å). This increase in the equilibrium metal--metal distance is not found for the perpendicular dimers (\[H~3~P--Cu--F\]~2~: *r*~MM~ = 2.71 Å; \[H~3~P--Cu--I\]~2~: *r*~MM~ = 2.69 Å). It is clear that for the head-to-tail arrangement additional ligand--ligand interactions lead to a stabilization of the dimer. Thus, we will focus in the following on structure **B**, where ligand--ligand interactions are minimized.

In order to examine the metal--metal bond exclusively, we will first consider the MO diagram and energy decomposition of the bare metal dimers (M^+^···M^+^), in the absence of any ligand. We choose a metal--metal distance (*r*~MM~), which is equal to the equilibrium distance in perpendicular \[H~3~P--M--Cl\] dimers (Cu: 2.71 Å; Ag: 2.97 Å; Au: 3.15 Å). The MO diagram for the M^+^···M^+^ interaction is displayed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}.

![Schematic MO diagram for M^+^···M^+^. s-Orbital contribution \[in %\] to 1σ is also shown (compare text). The green dotted lines indicate the mixing in of empty s and filled d~*z*^2^~ in the bonding and antibonding MOs. Distance (*r*~MM~) is shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.](ic-2017-029942_0002){#fig2}

It is apparent that the 1σ orbital is the bonding and 2σ is the antibonding combination of the metal--metal interaction. Hence, our results derived from KS-MO theory are in a qualitative agreement with the extended Hückel theory (EHT) picture from Hoffmann.^[@cit5a]^

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [Table S5](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02994/suppl_file/ic7b02994_si_001.pdf) show the percentages of the relevant orbitals derived from a gross orbital population analysis. Mixing in of the empty (*n* + 1)s orbital leads to a stabilization of the 1σ and to a smaller extend of the 2σ. The largest (*n* + 1)s orbital admixture to 1σ is found for Cu (11.0%), followed by Au (8.8%) and Ag (2.6%). The admixture of (*n* + 1)p~**z**~ is in general much smaller and is up to 3% (Cu) and smaller for gold (2%) and silver (1%) (see [Table S5](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02994/suppl_file/ic7b02994_si_001.pdf)).

The EDA results are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and reveal an entirely positive (repulsive) interaction energy (Δ*E*~int~), where the least repulsive Δ*E*~int~ is found for Au (84.9 kcal/mol) and being almost equal for Cu and Ag (98.7 and 98.2 kcal/mol). This repulsive interaction is mainly due to the (expected) large electrostatic repulsion of two cationic metal ions experiencing each other (Δ*V*~elstat~: Au: 102.6 kcal/mol; Ag: 109.2 kcal/mol; Cu: 119.1 kcal/mol). The difference in Δ*V*~elstat~ can be explained by the difference in *r*~MM~ (Cu: 2.71 Å, Ag: 2.97 Å and Au: 3.01 Å). However, in accordance with the finding of Hoffmann and in contrast to Pyykkö's conclusion, an attractive orbital interaction (Δ*E*~oi~) is found (Cu: −21.8 kcal/mol; Ag: −12.2 kcal/mol; Au: −19.2 kcal/mol).

###### EDA of M(1)^+^···M(2)^+^[a](#tbl1-fn1){ref-type="table-fn"}

  M^+^···M^+^     *r*~MM~ \[Å\]   Δ*E*~Pauli~   Δ*V*~elstat~   Δ*E*~disp~   Δ*E*~oi~   Δ*E*~int~
  --------------- --------------- ------------- -------------- ------------ ---------- -----------
  Cu^+^···Cu^+^   2.71            3.6           119.1          --2.3        --21.8     98.7
  Ag^+^···Ag^+^   2.97            3.8           109.2          --2.5        --12.3     98.2
  Au^+^···Au^+^   3.15            4.0           102.6          --2.5        --19.2     84.9

All values are in kcal/mol. *r*~MM~ is equal to the equilibrium distance in \[H~3~P--M--Cl\]~2~.

The trend in Δ*E*~oi~ can traced back to the contribution of metal (*n* + 1)s to the 1σ, which is related to the energy gap (Δ*E*~D/A~) between the *n* d~*z*^2^~ (donor) and (*n* + 1)s (acceptor) orbital (Cu: 1.62 eV, Ag: 4.13 eV and Au: 1.97 eV). The small energy gap (Δ*E*~D/A~) for Au^+^···Au^+^ is a consequence of the strong relativistic effects present for this metal, which causes a destabilization of the metal 5d and a stabilization 6s orbital.^[@ref12]^ Pauli repulsion (Δ*E*~Pauli~), which is caused by antibonding orbital overlap (i.e., the 2σ MO and other filled d-orbitals) is much smaller (3.6--4.0 kcal/mol), making the closed shell interaction shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}*net attractive*. Thus, for the bare metal dimers, the closed shell d^10^--d^10^ two-orbital, four-electron repulsion is weak, due to strong mixing in of the metal s orbital and the relative small antibonding orbital overlap (Cu: 8.5 × 10^--2^; Ag: 9.1 × 10^--2^; Au: 10.0 × 10^--2^). Obviously, the energy terms of the EDA and the overlap S are functions of the metal--metal distance (*r*~MM~), thus we have examined the different EDA terms for a range of metal--metal distances (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a and [3](#fig3){ref-type="fig"}b for Δ*E*~oi~ and Δ*E*~Pauli~; [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02994/suppl_file/ic7b02994_si_001.pdf) for the full EDA).

![Orbital interaction (Δ*E*~oi~), Pauli repulsion (Δ*E*~Pauli~), and orbital overlap *S* of the five highest occupied FMOs of M^+^···M^+^ (a--c) and \[H~3~P--M--Cl\]~2~ (d--f) at different distances: Cu (black), Ag (red), and Au (blue); X--M--M--X and L--M--M--L dihedral angle are constrained to 90.0°. For full details, see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02994/suppl_file/ic7b02994_si_001.pdf).](ic-2017-029942_0003){#fig3}

However, the relative importance of each energy term remains unchanged (i.e., a strong electrostatic repulsion, large orbital interaction, and small Pauli repulsion). If the interaction energy is compared at the same metal--metal distance, then the most stabilizing Δ*E*~oi~ curve is found for Au followed by the almost identical curves for Cu and Ag ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). In addition to the relative small value for Δ*E*~D/A~ the orbital overlap S for Au is larger than for Cu. Furthermore, Pauli repulsion plays a minor role and is smallest for Cu, followed by Ag and then by Au ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b), due to the smallest orbital overlap for copper (Cu \< Ag \< Au; [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). Succinctly, apart from the expected large electrostatic repulsion, orbital interaction is an important term in determining the metallophilic interaction of closed shell M^+^···M^+^ systems and is mainly caused by mixing in (or hybridization) of (*n* + 1)s acceptor orbitals.

We will now consider the more realistic dicoordinated perpendicular model structures ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}; structure **B**). A simplified MO for \[H~3~P--Au--Cl\]~2~ is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02994/suppl_file/ic7b02994_si_001.pdf) for other structures). It is apparent from these plots that the mixing in of acceptor fragment molecular orbital(s) (FMO) leads to a stabilization of the 1σ and the 2σ. With respect to the metal--metal interaction, 1σ is bonding, whereas 2σ is antibonding, which is qualitatively equivalent to the situation in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, but the stabilization of these orbitals is now smaller, and the acceptor orbital is to a large extend a ligand orbital. Thus, this situation will lead, in contrast to [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, to a *net repulsive* MO interaction (*vide infra*).

![MO diagram for \[H~3~P--Au--Cl\]~2~. The black lines indicate the formation of bonding 1σ and antibonding combinations 2σ. The green dotted lines indicate the mixing in of empty and filled FMOs in the bonding and antibonding MOs. The isovalue is 0.03 *e*^--^/*a*~0~^3^.](ic-2017-029942_0004){#fig4}

[Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} shows the dimerization energies (Δ*E*~dim~) and the results of the EDA for various perpendicular \[H~3~P--M--X\] dimers at their equilibrium distances. In all cases, \[H~3~P--Cu--X\]~2~ has the most attractive (i.e., most negative) dimerization energies (−10 to −15 kcal/mol), followed by \[H~3~P--Ag--X\]~2~ (−10 to −14 kcal/mol) and then by \[H~3~P--Au--X\]~2~ (−8 to −11 kcal/mol), except for X = F, where Δ*E*~dim~ is almost equal for Ag and Cu. The most attractive dimerization energy is found for \[H~3~P--Cu--I\]~2~ (−15 kcal/mol), while the least attractive is found for \[H~3~P--Au--F\]~2~ (−8 kcal/mol). The dimerization energy (Δ*E*~dim~) and interaction energy (Δ*E*~int~) do not differ much; the preparation or strain energy (Δ*E*~prep~ in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}) ranges for all \[H~3~P--M--X\]~2~ systems between 0.2 and 0.4 kcal/mol. Thus, the dimerization does not lead to a large geometric change or deformation in the linear \[H~3~P--M--X\] monomers. The most attractive terms for all dimers are the electrostatic interactions. While Δ*V*~elstat~ for equal halogens (X) are similar for all \[H~3~P--Ag--X\]~2~ and \[H~3~P--Au--X\]~2~, ranging from −16 to −25 kcal/mol (from F to I), these interactions differ significantly for \[H~3~P--Cu--X\] dimers by an absolute value of about 6--8 kcal/mol (i.e., the electrostatic interactions are more attractive for Cu than for Ag and Au). This is due a larger electronic charge density overlap for \[H~3~P--Cu--X\]~2~ because of the shorter equilibrium distances for these structures ([Figures S3--S6](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02994/suppl_file/ic7b02994_si_001.pdf)).^[@cit10b]^ A similar trend (opposite in sign) is found for the Pauli repulsion, where the values for Cu range between 31 and 50 kcal/mol, whereas for Ag/Au they are between 23 and 37 kcal/mol. In contrast to the bare metal dimers, the Pauli repulsion is for all structures the most dominant factor (largest absolute values) of determining the dimerization energy. Similar to the bare metal dimers, we found a non-neglectable orbital interaction energy (Δ*E*~oi~). The most attractive orbital interaction is found for Cu (−12 to −17 kcal/mol), followed by Ag (−8 to −12 kcal/mol), and then closely followed by Au (−7 to −11 kcal/mol).

###### Results of the EDA for the Perpendicular \[H~3~P--M--X\] Dimers[a](#tbl2-fn1){ref-type="table-fn"}

  X    M      *r*~MM~ \[Å\]   Δ*E*~Pauli~   Δ*V*~elstat~   Δ*E*~disp~   Δ*E*~oi~   Δ*E*~int~   Δ*E*~dim~   occupancy of donor orbital[b](#t2fn1){ref-type="table-fn"}
  ---- ------ --------------- ------------- -------------- ------------ ---------- ----------- ----------- ------------------------------------------------------------
  F    Cu     2.71            31.4          --22.0         --8.4        --11.2     --10.2      --9.9       1.93
  Ag   3.00   22.7            --16.1        --9.1          --7.7        --10.2     --10.0      1.95        
  Au   3.18   24.1            --16.6        --8.2          --7.3        --8.0      --7.9       1.96        
  Cl   Cu     2.71            38.2          --25.7         --11.7       --13.3     --12.5      --12.1      1.93
  Ag   2.97   28.4            --19.4        --10.8         --9.6        --11.4     --11.1      1.95        
  Au   3.15   29.0            --19.4        --10.8         --8.6        --9.9      --9.7       1.95        
  Br   Cu     2.70            43.1          --28.9         --13.1       --14.9     --13.8      --13.4      1.93
  Ag   2.95   31.7            --21.7        --12.0         --10.6       --12.5     --12.2      1.95        
  Au   3.13   32.1            --21.5        --12.0         --9.5        --10.9     --10.7      1.95        
  I    Cu     2.69            50.0          --33.4         --15.2       --16.9     --15.6      --15.1      1.93
  Ag   2.95   36.6            --25.0        --13.8         --12.0       --14.2     --13.8      1.95        
  Au   3.11   36.8            --24.7        --12.3         --10.6       --10.8     --10.6      1.96        

All values are in kcal/mol. The equilibrium distances *r*~MM~ are also shown.

The initial occupancy of donor orbital D(1) or D(2) (see also [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}).

In general, Δ*E*~oi~ in \[H~3~P--M--X\]~2~ can either be caused by polarization (P) (i.e., mixing in of virtual orbitals on one fragment due to the presence of the other fragment; [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, vertical arrows) or by charge transfer from one fragment to the unoccupied orbitals of the other (donor--acceptor interaction; [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, diagonal arrows). We performed calculations where we deleted the virtual orbitals of one monomer (A(2)\*, in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} right). After removing these orbitals, the donor orbital D(1) can no longer transfer electrons via D-A interactions to A(2)\*. However, the vertical polarization D(1) → A(1)\* can still occur. We carefully examined the gross electron population of the relevant frontier orbitals. As seen in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, for \[H~3~P--Au--Cl\]~2~ the population of D(1) changes from 1.95 to 2.00 when removing the virtual orbitals A(2)\*. We found this behavior for all \[H~3~P--M--X\] dimers (see last column of [Tables [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} and [S6](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02994/suppl_file/ic7b02994_si_001.pdf)); therefore, we conclude that polarization plays only a minor role in these systems. We found, however, that polarization becomes more important for M^+^···M^+^ (see [Table S7](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02994/suppl_file/ic7b02994_si_001.pdf)).

![Schematic picture of donor--acceptor (D-A) interactions (e.g., D(1) → A(2)\*) and polarization (P; e.g., D(1) → A(1)\*). Change in occupation in \[H~3~P--Au--Cl\]~2~ is shown if virtual orbitals A(2)\* of fragment 2 (i.e., of one \[H~3~P--Au--Cl\] monomer) are removed.](ic-2017-029942_0005){#fig5}

In contrast to the bonding mechanism found for bare metals dimers, the Pauli repulsion compensates for the orbital interactions by 13--33 kcal/mol for \[H~3~P--M--X\]~2~. This indicates inherently that occupied antibonding orbital combinations compensate the occupied bonding (i.e., two-orbital, four-electrons repulsion is dominant in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). This finding agrees with Pyykkö's conclusion regarding the overall absence of MO interactions for \[H~3~P--M--X\]~2~ and can be derived from a series of EDA at different metal--metal -distances as well (see [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d--f and [S2--S5](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02994/suppl_file/ic7b02994_si_001.pdf)). Nevertheless, without the Δ*E*~oi~ term, the dimerization energies of \[H~3~P--M--X\]~2~ would be largely reduced and in some cases, turn out positive (see Δ*E*~dim~ and Δ*E*~oi~ in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}), meaning that the monomers would repel each other.

The 1σ orbital consists of donor and acceptor FMO(s), where the main contributions to the donor orbitals come from the metal *n*d orbitals and where the acceptor orbitals consist mainly of ligand σ\* P--H orbitals and the metal (*n* + 1)s and (*n* + 1)p orbitals, indicating the influence of the ligand orbitals on metallophilic interactions of perpendicular dimers. In the equilibrium structures, there is a larger overlap with the acceptor orbitals for the 3d metal (Cu) than those for for 4d (Ag) and 5d (Au), and Δ*E*~D/A~ is larger for Ag than those for Au and Cu. Note that in the \[H~3~P--M--X\] dimers the Δ*E*~D/A~ gap between donor and acceptor is much higher (4.20--6.13 eV) than those in the bare metals (1.62--4.13 eV), which prevents a comparable mixing in of acceptor orbitals in these systems.

Conclusion {#sec4}
==========

The MO analysis of M^+^···M^+^ is in a qualitative agreement with the hybridization picture introduced by Hoffmann^[@cit4a]^ (i.e., there is covalent attractive contribution to the metal--metal interaction). However, it is important to mention that if ligands are present, like in \[H~3~P--M--X\]~2~, Pauli repulsion is much more important than Δ*E*~oi~ (compare [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b with [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d,e). In these cases, the electrostatic energy is the largest attractive interaction term. Still, attractive D--A interaction is present, but is overruled by two-orbital, four-electron repulsion. Nevertheless, mixing of acceptor orbitals into the 1σ leads to a stabilization of \[H~3~P--M--X\]~2~ systems, which would otherwise be nonbonding. Thus, an effective tuning of these interactions could be achieved if the acceptor orbitals are significantly stabilized. Studies which focus on the influence of the ligand acceptor orbital(s) are currently under progress.
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